A probabilistic modeling approach has been proposed to correlate motion of a filament to the web structural formation in single filament melt blowing. By treating fiber motion as a Markov process, a probabilistic space has been determined where fiber has a greatest chance of being present in the web structure and in its flight to the collection system. Based on the positional probabilities, a single fiber's motion space has been determined to be correlated to its diameter. Experimental data show that any process or material variable that leads to a variation in fiber diameter affects the lateral spread of fiber motion, and thereby web structure formation in a single filament melt blowing process.
Introduction
Melt blowing process has one of the most fascinating yet fairly complex fluid dynamics phenomena. The process involves a three-phase flow having at least three-different flow regimes: a liquid phase creeping rheological flow inside the fiber filament; a gas phase turbulent attenuating jet flow; and a solid phase fiber motion with turbulent gas boundary layer flow close the fiber surface. With the gas-liquid-solid interactions in a turbulent flow, one requires an intense understanding of the fundamental process physics to be able to predict the web structure formation via mathematical modeling. Shambaugh (1988) , Kayser and Shambaugh (1990) , and Milligan and Haynes (1995) have empirically modeled melt blowing process to predict fiber behavior at different process conditions. Deterministic models of Uyttendaele and Shambaugh (1990) and Rao and Shambaugh (1993) focus on improving melt blowing process economics and die design by providing mathematical models based on fundamental physics to predict the diameter, rheological stress, velocity, and temperature of fiber as a function of material, process, and equipment parameters. The Rao-Shambaugh model also predicts the fiber spinline vibrations. The UyttendaeleShambaugh model is one-dimensional, while the RaoShambaugh model is two-dimensional. Bansal (1997) and have extended the Rao-Shambaugh model to three dimensions.
The above theoretical and empirical models of melt blowing process have several shortcomings. First, the above theoretical models are for single filament system and are die specific (depend on die-specific flow field correlations). Because of their deterministic nature failing to account for probabilistic flow effects of turbulence, these theoretical models fail to predict correct final fiber diameters, fiber velocities, and fiber positions at any instant of time. Additionally, these models only focus on the fiber's dynamical behavior and do not extend to predict the fiber web structure.
The objective of the present work is to provide a stochastic approach, beyond purely empirical and deterministic modeling approaches, to predict the fiber motion and web structure formation in melt blowing. Using fiber position statistical probability distribution as an a priori distribution, a probabilistic modeling approach (supported by experimental data) is proposed to predict the web structure formation in single filament melt blowing. Current study focuses on single fila-ment system with static collection screen and no attempt has been made to determine the web structure in case of moving collection belt/drum or in presence of multiple filaments.
PHYSICS OF MELT BLOWING Problem Description
Web structure formation in melt blowing is best understood when one starts with determining fiber kinematics and dynamics, and fiber's interaction with neighboring fiber filaments. Figure 1 shows the top-down cause-andeffect flow diagram describing the material and process factors that influence the web structure formation in melt blowing. Figure 1 illustrates material, process, and equipment factors that influence the fiber's journey from spinneret to web formation. For a given equipment geometry, polymer (material) chemistry, and initial gas and polymer throughput, and thermal (process) conditions, one of the major factors influencing fiber motion and its diameter attenuation is the gas jet. Each filament's interaction with its neighboring filaments can be estimated from the fiber motion information: fiber momentum and its position at any instant. Fiber's interaction with neighboring fibers can influence the fiber diameter evolution - Yin et al (1999) . Another aspect of the problem is how each fiber filament and the gas flow field interact with the moving collection drum or belt in the presence of suction force under the collection drum or belt. Bresee and Qureshi (2002) have shown experimentally that collection drum position, velocity, and geometry influence the web structure formation. Given the mathematical formulation of fiber momentum, position, and diameter along with mathematical functional form of influence of collection system, fiber orientation and position on the moving collection system can be predicted. From all the factors described above and in Figure 1 , the root problem of predicting melt-blown web structure formation is the determination of fiber position, diameter, and velocity followed by how fiber interacts with porous collection drum or belt. Figure 2 shows flow diagrams for three different possible modeling approaches to predict melt-blown web structure. Approach 1 is a deterministic modeling approach to solve fiber mass, momentum, and energy conservation equations using computational fluid dynamics or other methods. Deterministic models of Uyttendaele and Shambaugh (1990) , Rao and Shambaugh (1993) , and Marla and Shambaugh (2003) focus on TIER 1 of Approach 1 in one-, two-, and three-dimensions, respectively for a single filament system. Additional work is needed to model web structure by combining the results of TIER 1 with the functional influence of collection system. The mathematical models of Shambaugh et al account for gas flow influence via empirical correlations of velocity flow and temperature fields and drag coefficient, which are then incorporated into the model differential equations. Empirical drag coefficient used in the Shambaugh et al models are extended from the correlation form given by Matsui's (1976) work on Prandtl mixing length theory for turbulent boundary layers in fiber spinning. Chen and Huang (2001) have modeled velocity flow fields of melt blowing jets using theoretical fluid mechanics principles. They have confirmed their velocity flow field model results with the experimental data for the slot die, and have shown that their theoretical equation for velocity flow fields could be used with the Uyttendaele-Shambaugh model. Krutka et al (2002 Krutka et al ( , 2003 Krutka et al ( , and 2004 ) modeled turbulent air flow field using CFD and their model correlates well with the experimental data for different configurations of slot die. Recently, Marla and Shambaugh (2004) have done additional work integrating the KrutkaShambaugh-Papavassiliou CFD model with filament dynamics in the melt blowing mathematical models.
Modeling Approaches
Approach 2 is an empirical modeling approach, typically followed in the industry. For a given set of material, process, and equipment conditions, it is one of the quickest ways to model the web structure. Shambaugh (1988) , Kayser and Shambaugh (1990) , and Milligan and Haynes (1995) follow Approach 2 to predict fiber diameter in melt blowing as a function of process, material, and equipment geometry. While Shambaugh (1988) and Kayser and Shambaugh (1990) use dimensional analysis to include the effect of dominant macro-
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scopic transport and equipment variables, Milligan and Haynes (1995) strictly follow statistical regression methodology to develop model equations for predicting fiber diameter. However, their empirical models can be extended to predict the web structure. Approach 3, proposed in this work, derives from stochastic nature of fiber motion and that of attenuating turbulent gas jet. In this approach, it is shown that a stochastic model of a single fiber's motion can be constructed based on a priori knowledge about the fiber position distribution in 3D space below the die. The parameters of the fiber distributions are empirically correlated to the process variables and/or fiber geometry. The proposed stochastic model of fiber motion is also related to the stochastic behavior of gas jet flow dynamics (Renner et al, 2001) . Essentially, given the empirical data of the fiber diameter as a function of process variables, a model of fiber motion is estimated in single filament melt blowing. With knowledge about fiber motion (fiber position and momentum at a given z-position), it is possible to predict where a fiber segment is going to land on the moving collection screen or drum using Newtonian dynamics (not shown in this work). Fiber orientation and number density in web are defined by where a fiber segment lands on the stationary collection screen or moving belt/drum following the previous fiber segment. Thus, a simple semi-empirical stochastic approach (with incorporated process physics) can be used to predict web structure in single filament melt blowing. From the end-use standpoint, fiber orientation, number density, and diameter are of ultimate importance and can be obtained from the Approach 3 model.
Stochastic Model Development
In melt blowing process, fiber moves in three orthogonal dimensions. Fiber motion can be characterized in terms of its velocity, its position in flight, and its vibrational characteristics. To understand the fiber motion, the fiber velocity, position, and orientation have to be evaluated as a function of time and space. Wu and Shambaugh (1992) used LDV (laser Doppler velocimetry) to measure fiber velocities in threedimensional space as a function of melt blowing process variables. The Rao-Shambaugh and the Marla-Shambaugh model predict vibration frequency and amplitude of the fiber spinline in their mathematical models. Chhabra and Shambaugh (1996) measured frequency and amplitude of fiber vibrations due to air turbulence effects in a single filament melt blowing process, and demonstrated that the fiber spinline follows a conical path as fiber moves down from the spinneret to the collection screen. Figure 3 illustrates the coordinate system used in reference to the melt blowing die with the appropriate coordinate system. Figure 4 illustrates a multiple exposure photograph of the fiber spinline showing a two-dimensional view of the conical fiber probability space in melt blowing - Chhabra and Shambaugh (1996) . Shambaugh and Chhabra (1998) have further shown that, at any z-position below the melt blowing die, fiber happens to be at a random position (x, y) that follows a bivariate normal statistical probability distribution in the lateral plane (xy-plane). The fiber position probability distribution spreads (variance increases) in a linear fashion with the z-position such that the geometrical space, in which fiber moves down from spinneret, appears to be that of a "cone." The apex of the "cone" is at the
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Figure 3 CROSS SECTION OF THE MELT BLOWING DIE USED IN THE EXPERIMENTS. THE ORIGIN OF THE COORDINATE SYSTEM LIES AT THE DIE
POLYMER ORIFICE spinneret hole. The fiber spinline "cone" can be regarded as the fiber presence probability space. Furthermore, it is shown that in any lateral plane (xyplane) below the die, the spread of fiber motion in xdirection is larger than that in ydirection, and the motion of fiber in x-direction is to some extent correlated to that in y-direction -see Chhabra (1997) , and Shambaugh and Chhabra (1998). This a s y m m e t r i c a l motion spread causes the fiber position probability space to be elliptical, and the correlated motion causes the ellipse to be oriented with respect to the orthogonal axes in the xy-plane below the die. Furthermore, Chhabra (1997) noted that most of the fiber motion, i.e., two standard deviations of the bivariate normal distribution representing about 97.5% of the distribution, was within one half-width of the gas jet -see Figure 5 . Gutmark and Wygnanski (1976) have shown that most of the energy transactions in a rectangular turbulent jet take place within one jet half-width. Tennekes and Lumley (1972) describe how energy from the mean flow is transferred to the large eddies via shear forces. The large eddies, which are mostly present between the center and one jet half-width, lose their energy to the small eddies by vortex shedding. These small eddies, which are present toward the center of the jet, lose their energy by viscous dissipation. Furthermore, Chhabra (1997) has shown experimentally that turbulent intensities are highest at around one jet half-width and lower toward the center of the jet in melt blowing slot die. Similarly, Krutka et al (2002 Krutka et al ( , 2003 Krutka et al ( , and 2004 through turbulence modeling of the same die as used by Chhabra (1997) show that Reynolds' stresses and turbulence intensities are highest around one jet half-width and decrease toward the center of the jet. Rho et al (1990; have also shown for inclined cross-jets that turbulent intensities and Reynolds' stresses are highest at around one jet half-width and low toward the center. Since Reynolds' stresses are associated with production of turbulent kinetic energy or production of eddies, these eddies are expected to move towards the center of jet and dissipate energy either through transferring energy to the fiber via the turbulent boundary layer present at the surface of the fiber or through viscous dissipation. What this means is statistical properties of fiber motion are in agreement with turbulent jet behavior. Knowledge of the fiber position probability distribution linked to the gas jet behavior helps to construct the framework of a stochastic model of single filament meltblown web structure.
Model Framework
The following are main postulates of the proposed stochastic model of fiber motion in single filament melt blowing:
(1) The fiber spinline is made of infinitesimal beads linked to each other along the fiber axis. The link is flexible, but the motion of sequentially connected beads is correlated. The assumption of linked beads is reasonable because, physically, the fiber spinline is not a series of independent beads falling in random directions from the die.
(2) The motion of a bead is correlated to the motion of its neighboring beads only. Therefore, the more distant are the (1997) two beads, the more independent is their motion. The size of the neighborhood of sequentially connected beads defines the characteristic length of a fiber element. These fiber elements overlap each other as neighborhoods of the beads overlap. Thus, it is assumed that the position vector of a bead is correlated to that of another bead in the same fiber element only. The correlation is called auto-correlation since x and y components of the bead position vector are correlated to the corresponding components of the other bead position vector.
(3) The motion of the fiber spinline can be expressed as a Markov process. A Markov process is a stochastic process whose future evolution only depends on its current state and not on its past history. Gillespie (1992) defines a stochastic process as a random function X(t) whose values up to and including parameter t allow one to probabilistically predict the function's value x t at an infinitesimally later parameter value t+dt. The values x t of the random function X(t) are called states at parameters t, and a set of these states is called the state space of the process. The state space of a stochastic process can be discrete or continuous. A continuous stochastic process has a continuous (real-valued) state space, and its parameter space is also continuous. X(t) is a continuous-time and continuous-state Markov process such that Equation (1) mathematically describes a Markov process X(t). As described by the Equation (1), for a continuous random process X(t) to be Markovian, the probability that it will have a value x t+dt at an infinitesimally later parameter t+dt, given all the past and present values of are known, is dependent only on the present state of X(t) at the present parameter t. Additionally, a Markov process also satisfies ChapmanKolmogrov equation -Papoulis (1991):
The Chapman-Kolmogrov equation provides a way to describe the conditional probability P{X(t)|X(t 0 )} of a Markov process at any instant t as an integral of product of conditional probabilities of the process states between initial state parameter t 0 and instantaneous parameter t.
The fiber spinline motion is considered as a continuous Markov process because the fiber spinline is a continuously moving strand that assumes various positions in a real-valued space at real-valued times. The state of a fiber bead in the fiber spinline is defined by its position and its momentum, which are correlated to the positions and the momentums of the other beads in the same fiber element. Since the motion of a fiber bead is assumed to be a continuous Markov process, the future state of a fiber bead is dependent only on its present state, and is independent of its past states. In other words, when a fiber bead is about to land on the collection screen, its future position on the collection screen is defined by its current state only and not the previous states. What this means is the Chapman-Kolmogrov equation, i.e., the Equation (2) can be used in its differential form to model the fiber position and momentum at any given z-position using the knowledge about the starting or any arbitrary position of the spinline. Secondly, because of the Markovian behavior of the fiber spinline, if the fiber position and momentum probability distribution at any z-position are known, one can determine how and where (in lateral xy-plane) a fiber segment has a greatest probability to land on (or interact with) the collection screen. Essentially, with a priori knowledge about the fiber motion probabilities, the position and momentum of a fiber segment can be estimated as fiber reaches the collection belt, which is moving at a known speed and has known permeability characteristics. With this knowledge the probabilistic structure of a single filament melt-blown web can be predicted.
In the present study, the above postulates are validated with experimental data. It is then shown how Markovian stochastic behavior of fiber spinline can be used to obtain the web structure distribution function (described in a later section). Additionally, data from literature show that Markovian behavior fiber spinline is in agreement with the stochastic nature of energy cascade in gas jet turbulence structure. One inherent assumption made here is that fiber motion stochastic model is valid for different die geometries though experimental data were obtained for only one die geometry in this study. However, since fiber motion is largely affected by gas jet dynamics, and data from literature show that the controlling gas jet turbulence has a stochastic behavior universally, a similar stochastic behavior of fiber motion is expected for different die geometries. Nevertheless process, material, and equipment specifications will affect the absolute values of the web structural parameters.
Another thing to note here is that when multiple filaments are present in melt blowing, each filament's motion will be affected once neighboring filaments start interacting. However, it is possible to model this filamentto-filament interaction behavior as interaction between the probability distributions or joint probability distributions. Furthermore, since the gas flow rates are substantially high in melt blowing and fiber diemeters fairly small, it is not expected that increasing number of filaments will adversely affect or alter the flow field, unless the filament spatial density is substantially increased. Nevertheless, the interactions between the fibers as well as those with the moving collection screen can be modeled using Newtonian dynamics (conservation of momentum due to elastic collisions assumption). The focus of current study is on single filament system with static collection screen and no attempt has been made to determine the web structure in case of moving collection belt/drum or in presence of multiple filaments.
Experimental Setup
The polymer used in all experiments was 88 dg/min MFR Fina Dypro ® polypropylene with M w =160,000 and a polydis-
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persity of about 4. The polymer was melted and pressurized with a Brabender extruder of 19.0 mm (0.75 in) diameter and 381 mm (15 in) length. After exiting the extruder, the polymer was fed to a modified Zenith pump which in turn fed a single-hole melt blowing die. Figure 3 shows a cross-section of the die.
Fiber Motion Experiments
Shambaugh and Chhabra (1998) have detailed experimental set up for fiber motion studies. Figure 6 shows a layout of the experimental equipment used to measure the 3-D fiber position. The operating conditions for experiments are listed in Figure 5 . The cameras were placed at z levels of 2.5 cm and 6.5 cm. At each z level, 100 replicate photographs were taken. A sample size of 100 was assumed to represent the fiber distribution completely. The distance of the fiber from the zero position was measured for both x and y photographs at sixteen z levels between 0.5 cm and 8 cm. The position of the fiber was assumed to be lying at the fiber axis in the middle of the fiber. Photographic prints were developed with a magnification of four on Kodak Polymax II RC at 3 1/2 contrast grade. Measurements had a precision of 0.1 mm in actual distance (not distance on the negative, but distance in the actual melt blowing system).
Web Structure Distribution Experiments
Web structure distribution was evaluated at different zpositions below the die at the operating condition ranges listed in Table 1 .
The fiber coming out of the spinneret was collected on a metal wire-mesh screen (65% open space) painted with nonreflecting Krylon ® 1613 Semi Flat Black paint. The wire-mesh screen allowed only air to pass through it. The fiber was collected for a sufficient amount of time to make the fiber collection process statistically stationary (i.e., invariant under an arbitrary shift in the time origin). The characteristic time to make the process statistically stationary was empirically determined to vary from 30 seconds to 1 minute (highest polymer throughput to lowest polymer throughput, respectively). Any longer than this period of time blocked the collection screen, and led to a non-uniform web.
After the web was collected on the screen, the top view of the web was photographed using a Canon AE-1 Program camera at an automatic exposure. The camera was equipped with a Sigma 50 mm macro lens. Three 100 Watts General Electric Soft White tungsten bulbs provided the illumination. The film used was Kodak T-Max 400 and the prints were made on Ilford Multigrade IV RC paper. The prints were digitized with a Hewlett-Packard ScanJet 3C scanner at a resolution of 300 dots per inch. The web images were digitally overlaid with 3 pixel wide coordinate axes lines corresponding to the actual geometrical coordinate axes in the xy plane. 
Results
The objective of the fiber motion measurement experiments was to determine (a) what kind of statistical probability distribution function fiber follows in an xy-plane at any zposition, and (b) how the lateral fiber motion in xy-plane at any z-position is correlated to that in the subsequent z-positions. Shambaugh and Chhabra (1998) have detailed the results of the objective (a) that the fiber spinline follows a bivariate normal distribution function. Based on those results, a stochastic model has been proposed. This model will be validated with results of the objective (b).
Figures 9 and 10 depict the auto-correlation profiles for the x and y directions, respectively. Both these plots show that a position of the fiber in the z direction is correlated only to those positions of the fiber that are in its close neighborhood. The strongest auto-correlation is seen between the fiber z positions that are approximately 5 mm from each other. Therefore, under the studied conditions, a fiber element that forms a neighborhood is contained in a spatial separation of about 5 mm along the z direction (the spatial separation along the z direction is defined as the distance between the two xy planes along the z direction). The results of Figures 9 and 10 validate the model postulates that (1) the fiber threadline is a linked chain of fiber beads, and (2) the position vector of a fiber bead is correlated only to that of the fiber beads lying in the same fiber element along the fiber axis. However, the direction of the fiber axis may not be the same as the z direction. Therefore, a spatial separation along the z direction may not necessarily be equal to the length of a section of the fiber contained in it. Consequently, the size of a fiber element (which forms the neighborhood of the fiber beads, and is contained in the characteristic spatial separation of about 5 mm along the z direction) varies with the z position and the orientation of the fiber below the die. However, the characteristic spatial separation along the z direction does not vary with the z position below the die. Furthermore, decreasing values of auto-correlations are seen in Figures 9 and 10 for the fiber z positions that are separated much further than 5 mm. Diminishing values of auto-correlation values beyond spatial separation of z = 5 mm shows that as the fiber moves to the downstream positions (farther from die z positions) to its future (x, y) position states, it forgets its past position states in the upstream positions (closer to die z positions). This result validates the postulate (3) that fiber spinline motion is a Markov process. Naert et al (1997) and Renner et al (2001) have shown that in the turbulent jet flows, energy transfer from large scales to smaller scales (turbulence cascade) follows Markov property. Since the energy flux from large vortices to small vortices is a Markov process and the fiber spinline gains energy from the gas jet turbulence, it is reasonable for the fiber spinline to be a Markov process. Measurements of auto-correlations and knowledge of gas jet behavior from the literature demonstrate validity of the stochastic model of fiber motion for single filament melt blowing.
Web Structure Measurements and Results
Next big question is how to apply this stochastic model to predict the web structure. As mentioned earlier, stochastic differential equations derived from the equation (2) can be used to predict the position of fiber just before it lands on the collection screen. This means that if fiber (x, y) positions near the collection screen follow a bivariate normal distribution and are not correlated to upstream fiber positions (Markov property), then the fiber distribution in the web structure thus formed must also follow bivariate normal distribution. Experimental results show that the fiber distribution in the web structure is a bivariate normal distribution. Figure 8 illustrates the first evidence of fibers in web structure follow a bivariate normal distribution. The photograph in Figure 8 depicts the side view of the fiber collected for a long duration (about 10 minutes) on the same screen at the same position as in Figure 7 (z = 300 mm). From the bell shape of the fiber distribution in Figure 8 , one can see that the fiber laydown pattern visually appears to follow a bivariate normal distribution. The illustration of fiber collection on screen in Figure 8 , by no means, should be construed as a quantitative proof of bivariate normal distribution of fibers in web. Figure 8 should be treated as a qualitative evidence only since the permeability of collection screen is significantly reduced as fibers start collecting over one another with time. However, because of the large distance of the collection screen (z = 300 mm) from the die and low centerline mean air velocity at that distance (for conditions used in this study at z = 300 mm, v centerline is between 1.63 to 2.86 m/s using Harpham and Shambaugh (1996) correlations for the same die), it is fairly reasonable to assume that fiber laydown is minimally affected due to lack of permeable screen or suction force.
Fiber distribution in the web structure was evaluated from the images similar to the Figure 7 for different process conditions. Detailed methodology to evaluate fiber distribution from the web image is explained in Chhabra (1997) . Figures 11 and 12 , respectively, show typical surface plots of the observed (web image) fiber presence distribution and the model (bivariate normal) fiber distribution. Comparing  Figures 11 and 12 , it can be seen that the web image intensity distribution under-predicts the bivariate normal distribution of the web. However, the under-prediction is corrected by the spatial information entropy analysis -see Chhabra (1997) for Figure  12 represents the best estimate of the true fiber distribution in a typical single filament melt-blown web. Figure 13 compares the spread of fiber position distribution (from Figure 5) and spread of fiber distribution in the web versus the gas jet spread in terms of jet half-width. The standard deviations of the model fiber distribution increase linearly with the z direction. The linear increase in the standard deviations of web distribution with the z direction is very close to the one shown in Figure 5 for the case of fiber position distribution: a slope of 0.059 in Figure 13 vs. a slope of 0.055 in Figure 5 for the linear fit. It shows that fiber position distribution and fiber distribution in web are the same at the same z position. The collection screen negligibly affects the fiber distribution. Most importantly, the similarity in stochastic nature of moving fiber position distribution and that of the fibers in web structure provides further evidence that fiber spinline follows a Markov property and the stochastic model can be used to predict the fiber distribution in a single-filament melt-blown web.
Effect of Process Variables on the Web Structure Distribution
To complete the stochastic model, the effect of process variables on the fiber distribution in the web needs to be shown. Since the fiber distribution is the same as that of fibers in web structure (as shown above), process variables are expected to affect the fiber motion spread in the same way as they affect the web structure distribution. Figure 14 shows the second most important result of this study that with the increase in fiber diameter, the spread of the fiber distribution in the web (as well as during motion) decreases in almost linear manner. Without going into discussing the detailed effect of each process variable -air velocity (v j0 ), polymer mass flow rate (m p ), and polymer temperature (T p ) -it is shown that the effect of process variables is manifested in how each process variable affects the fiber diameter, which in turn affects the spread of the fiber distribution. Since the fiber diameter affects the drag forces, it is reasonable to think fiber position distribution is affected by fiber diameter. Detailed analysis of effect of each variable on fiber distribution is discussed in Chhabra (1997) . The resultant effect of diameter on fiber distribution has both modeling and process/equipment design implications in multi-filament melt blowing systems.
Conclusions and Discussion
Foremost conclusion of this study is fiber motion in single filament melt blowing can be expressed as Markov process. Because of fiber motion's Markovian behavior, an (x, y) position of the fiber in the z direction is correlated only to those positions of fiber that are in its close neighborhood defined in the present system as a spatial z-separation of 5 mm: a characteristic of flow geometry. Alternatively, as the fiber moves to the downstream positions (farther from die z positions) to its future (x, y) position states, it forgets its past states in the upstream positions (closer to die z positions). Consequently, when the fiber lays down on the collection screen, only the fiber states in the closest upstream neighborhood are correlated to the fiber position on the collection screen. In other words, the presence of a collection screen with substantial air permeability (or effective vacuum suction force underneath), does not impact the fiber positions further upstream except the fiber positions in the closest neighborhood defined by the system's characteristic flow geometry. Therefore, the fiber position distribution during motion is the same as the fiber distribution in the web structure formed at the same z position below the single filament melt blowing die. Hence, the stochastic modeling methodology can be used to predict the web structure fiber distribution using the a priori knowledge about fiber motion position and velocity distribution. One of the suggested approaches would be reducing the Equation (2) to stochastic differential equation and solving it using Markov Chain Monte Carlo methodology. Secondly, the spread of the web fiber distribution is a strong function of the fiber diameter. The values of the process variables that reduced the fiber diameter increase the spread of the web fiber distribution. Any process variable that would reduce fiber diameter should increase the spread of the fiber distribution in web as well as the fiber position distribution while in motion. This result has implication in modeling as well as process and equipment design. Knowledge of relationship between fiber diameter and fiber distribution spread can be combined with stochastic model (bivariate normal distribution in xy-plane and Markov property) of fiber motion to possibly predict fiber state as it interacts with the other fibers and collection system (see Figure 16 ). As fiber lays down on the collection system, positions taken by each fiber element with increasing time generates a path function that can be used possibly to predict the fiber orientation distribution. Figure 15 illustrates the fiber laydown (based on the experimental data from Shambaugh and Chhabra, 1998) on imaginary collection screens (stationary and moving) at z = 80 mm. Fiber laydown in Figure 15 does not take into account any interaction of fiber with the imaginary collection screen; the collection screen is rather a projection plane for the fiber position vector at z = 80 mm. Figure 15 shows how one can generate a path function of fiber laydown that can be used to predict the fiber orientation distribution in a web. Consequently, the fiber number distribution and fiber orientation distribution in the single-filament melt blown web structure can be predicted. Knowledge of relationship between fiber diameter and fiber distrib- ution spread can be useful in designing hole-density in the die to control fiber-to-fiber interactions, thereby controlling the web uniformity. Though experimental evidence of stochastic behavior of fiber motion and web structure is shown for single filament melt blowing only, it is expected that this stochastic model can be extended to multifilament systems backed with appropriate experimental studies. One of the ways to extend this model to include fiber-to-fiber interactions is to evaluate convolution of the probability density functions of neighboring fibers as their neighboring probability spaces interact. Figure 16 shows an example of simulated motion of two fibers with their probability motion spaces intersecting, but not interacting with one another. The simulation was carried out using the proposed stochastic model with two filaments starting out 1 mm apart along the slot direction in a melt blowing die. The motion illustrated in Figure 16 is along the slots (y-direction, see Figure 3 ). An important thing to note here is that above simulation did not take into account the interaction of filaments. The simulation only shows at what position below the die two filaments could potentially start interacting based on the intersect of their probability motion spaces. It is expected that Markov property of fiber position distribution with fibers interacting and entangling will still hold true since the Markovian property is inherited from the air flow field through energy cascade. It is possible that entangled fibers will behave as a single system and exhibit the Markovian behavior for their positions downstream of the entanglement.
Another area for future work is evaluating how moving collection belt/drum with vacuum suction underneath affects the fiber position distribution and/or fiber motion Markov property. Even with the above mentioned shortcomings, stochastic modeling approaches can be combined with traditional deterministic CFD approaches to solve the challenging problem of turbulence modeling of melt blowing and consequent prediction of melt-blown web structure.
